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Abstract
The reconfigurable intelligent surface (RIS) is one of the promising technologies contributing to
the next generation smart radio environment. A novel physics-based RIS channel model is proposed.
Particularly, we consider the RIS and the scattering environment as a whole by studying the signal’s
multipath propagation, as well as the radiation pattern of the RIS. The model suggests that the RIS-
assisted wireless channel can be approximated by a Rician distribution. Analytical expressions are
derived for the shape factor and the scale factor of the distribution. For the case of continuous phase
shifts, the distribution depends on the number of elements of the RIS and the observing direction of the
receiver. For the case of continuous phase shifts, the distribution further depends on the quantization
level of the RIS phase error. The scaling law of the average received power is obtained from the
scale factor of the distribution. For the application scenarios where RIS functions as an anomalous
reflector, we investigate the performance of single RIS-assisted multiple access networks for time-
division multiple access (TDMA), frequency-division multiple access (FDMA) and non-orthogonal
multiple access (NOMA). Closed-form expressions for the outage probability of the proposed channel
model are derived. It is proved that a constant diversity order exists, which is independent of the number
of RIS elements. Simulation results are presented to conrm that the proposed model applies effectively
to the phased-array implemented RISs.
Index Terms
Channel model, non-orthogonal multiple access, phase errors, reconfigurable intelligent surface,
reflect-array, Rician fading.
J. Xu and Y. Liu, with Queen Mary University of London, London, UK (email:{jiaqi.xu, yuanwei.liu}@qmul.ac.uk).
2I. INTRODUCTION
The reconfigurable intelligent surface (RIS), also known as intelligent reflecting surfaces (IRS),
is a two-dimensional (2D) material structure that is reconfigurable in terms of its electromagnetic
wave response [1]. These 2D surface structures can be implemented by metamaterials [2], phased-
array antennas [3], or other technologies. Among these different RIS implementations, a major
class of RISs can be modeled, base on local design, as periodic unit cells integrated on a substrate.
For RIS implemented by phased-array antennas, the cells do not interact with each other. The
electromagnetic wave response of the RIS, such as phase discontinuity, can be reconfigured by
tuning the surface impedance, using various mechanisms. Apart from electrical voltage, other
mechanisms are reported, including thermal excitation, optical pump, and physical stretching.
Although this periodic structure has been intensely studied in the field of applied physics and
antenna theories, analytical derivations are still required before they can be reconciled to the
channel models in communication theories. The concentrations of the modelling work of the
RIS-assisted channel are on the links associated with each of the distinct elements on the RIS.
There are two types of links, the links from the transmitter to each RIS elements, and the links
from RIS elements to the receiver. In the following paper, we use the term half-channels to
refer to both of these links. We use the term linked-half-channels to refer to the transmitter-n-th
element-receiver link. We use the term joint channel to refer to the overall transmitter-RIS-
receiver channel.
A. Prior Works
Existing research contributions model the RIS channel through optimization perspective [4–6]
or through performance analysis perspective [7–11]. In [4] and [5], the Wu et al. derived the
power scaling law of the Rayleigh distributed half-channels when the direct link between the
transmitter and the receiver is ignored. The results showed that for the case of random phase shift,
the average received power scales with the number of elements (N), for the case of optimal phase
shift, the power scales with N2. In [6], Mu et al. developed suboptimal algorithms for RIS with
different multiple access schemes. The half-channels were assumed to have Rician distributions.
In [7], Basar et al. showed that the maximized signal-to-noise ratio of the RIS-assisted channel
follows a non-central chi-square distribution, under the assumptions that the half-channels follow
Rayleigh distributions. In [8], Badiu et al. studied the impact of RIS phase noise for Rayleigh
3and Rician distributed half-channels. In [9], Zhang et al. modelled each linked-half-channels as
a Rician distributed channel. A power scaling law similar to the one given in [4] was obtained.
Next, we focus on four important subjects related to RIS channel modelling:
1) Path Loss Model: Representative works on the path loss model of the RIS channel are
as follows: In [12], three path loss formulas were proposed for far-field beamforming case,
near-field beamforming case, and near-field broadcasting case. For the near-field broadcasting
case, the path loss is proportional to (d1 + d2)
2, where d1 and d2 denotes the distance from the
transmitter to the RIS and from the RIS to the receiver, respectively. For other cases, the path
loss is proportional to (d1d2)
2. In [13], O¨zdogan et al. further disproved the (d1 + d2)
2 formula
for the far-field case and present the path loss model at an arbitrary observation angle.
2) Multipath Fading Model: Representative works on the multipath fading (small-scale fading)
characterize each half-channel from the transmitter to the n-th element on the RIS and from the
n-th element to the receiver by well-known distribution, such as Rayleigh fading [11] and Rician
fading [10]. The overall multipath fading channel was the multiplication of the above two types
of links and the phase shift matrix. In [8] and [14], Badiu et al. and Qian et al. considered the
fading channel with the presence of phase errors and its influence on the signal-to-noise ratio.
3) Typical RIS Functions: In the literature, the RIS functions under these two working scenar-
ios were often referred to as anomalous reflection and beamforming [15]. Anomalous reflection
is a wavefront transformation from a plane wave to another plane wave, while beamforming is
a wavefront transformation from a plane wave to a desirable wavefront. For the case where the
half-channels are line-of-sight links, the optimal RIS phase configurations for these two functions
are governed by two different principles: the generalized laws of refraction and reflection [16]
for anomalous reflection, and the co-phase condition [17] for beamforming.
4) Multiple Access in RIS-assisted Networks: Research contributions of applying orthogonal
multiple access (OMA) and non-orthogonal multiple access (NOMA) in RIS-assisted networks
includes [18–21]. In [18], Ding et al. proposed an RIS-assisted NOMA transmission architecture
where the RIS only serves cell-edge users. In [19], Fu et al. investigated the joint beamforming
design of the downlink multiple-input single-output (MISO) RIS-assisted NOMA networks.
In [20], Mu et al. optimized the sum rate of MISO IRS-NOMA networks. In [21], Zheng et
al. compared the performance of NOMA and OMA in RIS-assisted networks for different user
pairing strategies.
4B. Motivation and Contribution
We observe the fact that previous research contributions studied the path loss effect and
multipath fading effect separately. Moreover, research contributions for the RIS hardware capa-
bilities, the physics models for the RIS radiation patterns, and channel models in communication
theory need to be reconciled. Under typical RIS working conditions where the RIS function as an
anomalous reflector, the joint channel can be modelled more compactly. As a result, we motivate
our work as follows:
• For the line-of-sight (LoS) dominate link, RIS typically functions as an anomalous reflector.
In these cases, separately model the half-channel result in a loss of physical and geometrical
information, since the phases of the adjacent half-channels are correlated.
• For the application scenario where the RIS-assisted link varies over time, in-time channel
estimation for each half-channel proves to be difficult, even impossible [22]. Models need to
be proposed for performance analysis where the RIS configures itself base on the information
of the joint channel, instead of a collection of n half-channels.
• The physical parameters of the system, including phase error caused by the quantization
level of the RIS, the geometrical size of each RIS element (compared with the wavelength),
the direction of the receiver all have different effects on the overall RIS-assisted channel.
For an optimal RIS configuration, these effect needs to be characterized in the channel
distribution in closed-forms.
Motivated by the above challenges, we aim to propose a novel joint channel fading model for
a typical RIS application scenario. Consider a transmitter locating in an environment which is
not rich in local scattering, so that the transmitted plane wave can arrive at the RIS with a small
AOA spread. Moreover, by appropriately placing the RIS, the receiver has an LoS link with the
RIS, but not with the transmitter. Under this setting, the joint channel from the transmitter to
the receiver contains a specular component that is dominated by the RIS LoS link and a scatter
component contributed by the non-line-of-sight (NLoS) direct link. Statistical channel analysis
is carried out by considering M RIS multipath components and N multipath components for
the scattering environment. The primary contributions of this paper are as follows:
• We propose a novel model in which the performance of the RIS-assisted wireless channel is
investigated. The critical methodology is the use of radiation pattern calculation, combined
with statistical multipath analysis. In our analysis, we first clarify the adopted RIS hardware
5model and the communication signal model. Then, we propose both the path loss model
and the multipath fading model for the joint channel.
• For the case where RIS functions as an anomalous reflector, we derive closed-form expres-
sions for the joint channel distribution, considering both continuous phase shifts and discrete
phase shifts. Base on the derived distribution, we further analyze the outage probability, as
well as the scaling law of the average received power.
• We evaluate the performance of RIS-assisted networks where multiple users are served by
one RIS. Different multiple access schemes are compared, including time-division multiple
access (TDMA), frequency-division multiple access (FDMA), and NOMA. We demonstrate
that for each user, a constant diversity order exists, which is independent of the number
of RIS elements. The derived analytical results are further confirmed by Monte Carlo
simulations.
C. Organization
The rest of the paper is organized as follows. In Section II, we propose our channel model for
the RIS-assisted joint channel, which includes hardware model, signal model, path loss model,
and multipath fading model. Section III presents closed-form channel distribution for the case
where the RIS works as an anomalous reflector. In Section IV, we study the RIS-assisted channel
with different multiple access schemes and their outage probabilities. Specifically, the case where
multiple users served by a single RIS is studied. Numerical results are presented in Section V
to verify our analysis, which is followed by our conclusions in Section VI.
II. CHANNEL MODEL AND RADIATION CALCULATION
A. Hardware Model: Phased Array-based RIS
The electromagnetic characteristics of the RIS, such as phase discontinuity, can be reconfigured
by tuning the surface impedance. Various mechanisms support this tuning. Apart from electrical
voltage, other mechanisms are reported, including thermal excitation, optical pump, and physical
stretching. Among them, electrical control is the most convenient choice, since the electrical
voltage is easier to be quantized by field-programmable gate array (FPGA) chips. The choices
of materials of the RIS include semiconductors [23] and graphene [24]. Regardless of the different
tuning mechanisms, the general geometry layout of the phased array-based RIS can be modelled
as periodic unit cells integrated on a substrate. When designing RIS-assisted communication
6R
IS
C
R
L
Zl
varactor
Fig. 1. Schemetic diagram of the varactor RIS
systems, the most important parameter of the RIS is the reflection coefficient r˜ at each element
(cell). To characterize the tunability of the RIS, the method of equivalent lumped-element circuits
can be adopted. As shown in Fig. 1, the unit cell is equivalent to a lumped-element circuit with
a load impedance of Zl. Particularly, the equivalent load impedance could be tuned by changing
the bias voltage of the varactor diode. According to the boundary conditions of electromagnetic
field (EM) fields, the reflection and transmission coefficient is determined by the impedance Zl
and vacuum impedance Z0 ≈ 377Ω. For the case of normal incidence, it can be shown that:
r˜ =
Er
Ei
=
Zl − Z0
Zl + Z0
, (1)
where r˜ is the complex reflection coefficient, Er and Ei are the reflected electric field and the
incident electric field. In (1), we present the relation between the phase discontinuity φ and
equivalent surface impedance Zl. Discrete phase shift control can be realized by tuning Zl upon
adding different levels of bias voltages. When modelling the RIS in wireless communication
system designs, we can characterize each of its unit cell by the local reflection coefficients. For
example, the i-th cell can be modelled as:
r˜i = βi · e
jφi, (2)
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Fig. 2. Illustrations of the system model
where βi and φi correspond to amplitude control and phase control, respectively. In the following
sections, φ(m,n)1 refers to the phase discontinuity of the (m,n)-th element on the RIS, r˜(x, y)
refers to the reflection coefficient as a function of the position on the RIS plane.
B. Signal Model
In the following, a novel channel model for the RIS assisted wireless communication system
is studied. Consider a wireless channel between a transmitter and p receivers through an RIS.
Moreover, we assume the channel between the transmitter and the receivers are flat fading
channels. As a result, we can characterize the channels by studying the unmodulated carrier
signal. Assume the transmitted signal is of the form:
s(t) = Re[ej
2pi
λc
t]. (3)
The passband signal received by each receiver can be expressed in the quadrature form
r(t) = Tc(t) cos(ωct)− Ts(t) sin(ωct), (4)
1It is worth pointing out that the phase discontinuity denoted by φ should not be confused with other notations denoting
geometrical angles, such as θ,ϕ or α
8where Tc(t) and Ts(t) are the inphase and quadrature components. For convenience, we define
R˜(t) to be the complex envelope of r(t):
R˜(t) = Tc(t) + jTs(t), (5)
where j denote the imaginary unit. As illustrated in Fig.2(a), consider two links between the
transmitter and each receiver: the direct link, which is an NLoS link, and the specular link
through the RIS, which is an LoS link. Moreover, we denote the number of RIS columns and
rows by Mx and My, and the number of multipath components considered in the direct link by
N .
Theorem 1. For the RIS-assisted fading channel, assuming vertical polarization for the wireless
signal, the complex envelope R˜(t) have the following form:
R˜(t) = R˜RIS(t) + R˜D(t), (6)
where
R˜RIS(t, θout, ϕout) = IDFT2[c(m,n)e
ω0t+θ0+φ(m,n)], (7)
IDFT2[F (m,n)](p, q) =
1
MxMy
·
Mx−1∑
m=0
My−1∑
n=0
F (m,n)ej
2pim
M
pej
2pin
N
q,
(8)
R˜D(t) =
N∑
n=1
bne
ωnt+θn , (9)
where (θout, ϕout) are the angles through which the receiver observes the signal (as shown in
Fig. 2(b)). c(m,n) are the amplitude of the signal reflected through the (m,n)-th element of
the RIS, ω0 =
2piv
λc
cos(γ − α0), v is the velocity of the receiver, and γ denotes the angle of this
movement. θ0 is a fixed phase shift angle once the geometry of the system is fixed. φ(m,n) is
the additional phase shift by the (m,n)-th element of the RIS, bn are the amplitude of the n-th
multi-path signal, ωn =
2piv
λc
cos(γ − αn), where αn is the angle of arrival w.r.t x-axis of this
n-th multi-path signal, and θn = 2π(fc + fD,n
Ln
c
), where fD,n =
v
λc
cos(αn) is the Doppler shift
frequency of the n-th multi-path signal, Ln is the total distance for the n-th multi-path signal to
travel and c is the speed of light. p, q are related to the observing angle of each receiver.
9Proof. The proof and detailed expressions for θ0 and c(m,n) can be found in Appendix A.
Remark 1. According to (7), the received envelope of the specular components through the RIS
is a function of the observing angles: (θout, ϕout). The derivations in Appendix A suggests that
the relationship between the indexes (p, q) and (θout, ϕout) can be explicitly written as:
sin θout cosϕout =
2π
Mxpxk0
p, (10)
sin θout sinϕout =
2π
Mypyk0
q. (11)
When applying IDFT2, indexes (p, q) can only take on Mx ×My different integer values, and
as a result, R˜RIS(θout, ϕout) can be evaluated in Mx×My distinct directions. However, one can
compute R˜RIS(θout, ϕout) at more directions by extending the grid on the RIS plane and setting
the amplitude equal to zero for all the elements outside of the RIS.
Theorem 1 states that the overall received complex envelope consists of two parts, representing
the specular link through the RIS and the direct link, respectively. The direct link is composed
of a number of N multipath components each with a magnitude of bn and a phase delay of θn.
The specular link through the RIS is written as a 2-D inverse discrete Fourier transform (IDFT2)
of the reflected EM field patterns at the RIS. The IDFT2 is a double summation over each row
and column of elements on the RIS. This result is sensitive to the change of observing angle
(θout, ϕout).
Next, we consider the far-field scenario where the change in height is negligible compared
with the horizontal distance travelled by the signal. As illustrated in 2(b), the system is a 2-D
problem where the transmitter, the RIS, and the receiver are located in the y = 0 plane. In this
case, we have ϕin = ϕout = 0, so that q = 0 in (11). As a result, the RIS only steers the beam
within the x− z plane and we have the bellow corollary:
Corollary 1. For the 2-D problem, the inphase and quadrature components of the received
envelope R˜(t) have the following form:
Tc(t) =
M∑
m=1
cm cos(ω0t+ θ0 − ǫm+ φm) +
N∑
n=1
bn cos(ωnt + θn), (12)
Ts(t) =
M∑
m=1
cm sin(ω0t + θ0 − ǫm+ φm) +
N∑
n=1
bn sin(ωnt+ θn), (13)
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where cm are the amplitude of the signal reflected through the m-th column on the RIS. ǫ =
2π px
λc
(sin θout− sin θin), px is the period length of the elements along x direction of the RIS, φm
is the additional phase shift by the RIS m-th column.
Proof. The proof can be found in Appendix B.
In the following discussions, we focus on the 2-D problem and present our path loss model
and multipath fading (small-scale fading) model.
C. Path Loss Model
According to the analytical results presented in Appendix B, the amplitude of each multi-
path components of the specular link through the RIS (the linked-half-channel), namely cm,
is proportional to the element size (pxpy), the inverse of the multiplied distance (1/(d1d2)),
the Fraunhofer diffraction factor (sinc(ku
′px
2
)), and the leaning factor (cos θout). These are the
large scale attenuations that can be analysed as the path loss. For the case where the RIS is
located in the far-field of the transmitter, without preforming amplitude adjustments, we have:
cm = c0 =
»
Pspec · PL(d1, d2, θin, θout), ∀m ∈ (0,M ], where PL(d1, d2, θin, θout) denotes the
path loss of the joint specular link through the RIS.
D. Multipath Fading Model
The distribution of the joint channel squared envelope, namely |R˜(t)|2, is of particular interest.
First, we give the general methodology to study the multipath fading of the joint channel. In
Section III, for scenarios where the RIS function as an anomalous reflector, we derive the closed-
form expressions for the joint channel distribution.
1) Methodology: According to Theorem 1 and (5), the real (inphase) and imaginary (quadra-
ture) part of the overall envelope both have two terms:
Tc(t) = Re[R˜(t)] = Re[R˜
RIS] +Re[R˜D], (14)
Ts(t) = Im[R˜(t)] = Im[R˜
RIS] + Im[R˜D]. (15)
To characterize the overall by a Rician distribution, we need to calculate the mean value for both
Tc(t) and Ts(t), as well as their variance. Then, each part can be approximate by a Gaussian
process with a non-zero mean. Finally, base on their derived first and second-order moments,
11
we can approximate the magnitude of the joint channel using well-known distributions, such as
Rician distribution or Nakagami’s m-distribution [25].
2) Mean value: It can be proved that the direct link component does not contribute to the
non-zero mean value. As a result, the specular link component needs to be analyzed. For the
case where c(m,n) is constant for each element, at the same time, RIS phase shifts are perfectly
accurate so that Φ(m,n) does not distribute in a certain error range, the mean value of the
overall envelope is equal to its specular component, i.e. E[R˜(t)] = R˜RIS(t). For more general
case where both c(m,n) and Φ(m,n) are characterized by different distributions, the mean value
of Tc and Ts needs to be calculated base on these distributions.
3) Variance: Since the specular link and the direct link components are not correlated,
their variances can be calculated separately. For the direct link part, it can be proved that
V ar(|R˜D(t)|) = N · E[bn]. For the specular part, when c(m,n) and Φ(m,n) do not exhibit
any distribution, R˜RIS(t) is fixed for any given time t, so that the variance is zero. For other
cases, the variance of R˜RIS(t) needs to be further calculated.
4) Channel Distribution: Base on the above calculations, we can approximate the joint channel
distribution using Rician distribution or Nakagami’s m-distribution. Suppose we have:
Ξ2 = E2[Tc] + E
2[Ts], (16)
σ = V ar(Tc) + V ar(Ts) = 2 · V ar(Tc). (17)
Theorem 2. If the variances of Tc and Ts are the same, as indicated in (17). Moreover, if
the covariance between Tc and Ts is zero, the magnitude of the complex envelope |R˜| can be
approximate by Rician distribution with the effective shape factor:
KEff =
Ξ2
σ
, (18)
or by a Nakagami m-distribution:
m =
(σ2 + Ξ2)2
(σ2 + Ξ2)2 − Ξ4
. (19)
Proof. According to (12) and (13), if we considered a number of multipath that is the same
as the number of RIS columns, i.e. M = N . Then, both Tc(t) and Ts(t) can be seen as sums
of M independent random variables which are drawn from two fixed probability distributions.
When M is sufficiently large, according to central limit theorem, Tc(t) and Ts(t) can be treated
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as random Gaussian process with non-zero means. As a result, the magnitude of the overall
envelope (|R˜| =
»
T 2c + T
2
s ) follows the well-known Rician distribution. Appendix C further
proves (19) is the equivalent Nakagami’s m-distribution.
Remark 2. The pre-conditions of Theorem 2 hold true for a stationary receiver. If the receiver
has a non-negligible speed towards or away from the RIS, the Doppler shift will induce a non-
zero covariance between (12) and (13). In those cases, the Rician distribution is not a good
approximation for the joint fading channel.
Remark 3. It is worth mentioning that the asymptotic behaviour differs for these two distribution
models. For Rician fading, the slope of the outage probability versus SNR is the same as
for Rayleigh fading. For Nakagami fading, the slope is steeper, similar to that of m-branch
diversity reception of a Rayleigh fading signal. As a result, using Nakagami distribution with
m = K
2+2KEff+1
2KEff+1
to analyze the outage probability in the high SNR region leads to overly
optimistic results.
III. CHANNEL MODEL FOR ANOMALOUS REFLECTING RIS
In this section, we consider the case in which the RIS function as an anomalous reflector.
To steer a plane-wave signal, the optimal configuration of the RIS is given by the co-phase
condition [17]. This implies that the terms Φ(m,n) in (7) are chosen to maximize |R˜RIS| at
θout = θtarget and ϕout = φtarget. Under this setting, we discuss continuous phase shift and
discrete phase shift, both deriving close-form expressions for the joint channel distribution.
A. Continuous Phase shift
First, we start from the continuous phase shift case which can be treated as the ideal limit
of the discrete phase shift case. In this case, the phase shifts φm in (7) can take on any value
within [0, 2π). For convenience, we denote Φm = φm − ǫm, where ǫ = 2π
px
λc
(sin θout − sin θin).
As the angel of the receiver (θout) varies, the additional phase shift associated with m-th element
at θout, namely Φm(θout), also changes. Implementing the co-phase condition for phase shifts, a
continuous phase shift RIS is able to perfectly align all additional phase shifts at θout = θtarget.
This can be expressed as:
Φm(θtarget) = 0, ∀m ∈ (0,M ]. (20)
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This is achieved by configure the phase shift of the RIS elements according to:
φm =
px
λc
(sin θtarget − sin θin) · 2πm, (21)
It is also desirable to obtain the additional phase shift at directions other than the targeted one:
Φm(θout) =
px
λc
(sin θtarget − sin θout) · 2πm, (22)
The above analysis implies that the time-irrelevant phase shifts of R˜RIS in (7) are deterministic.
On the contrary, the phase shift of R˜D in (9), namely θn, are randomly distributed over [−π, π]
because of their independent path length delays (Ln/c · 2πfD,n). As a result, when N >>
1, meaning the number of the multipath components in the direct link is sufficiently large,
R˜D exhibits a complex Gaussian distribution with zero mean. However, the deterministic R˜RIS
provides a non-zero mean. The magnitude of this specular link can be approximated in the
following fashion: As shown in Fig. 3, each arrow segment represents a term in summation
(7). Since all cms are the same, the segments are of same lengths. The vector of length AD =
M · c0 represent R˜
RIS at θout = θtarget. As the observation angle deviates from θtarget, the arrow
segments starts to bend, each of them makes a small tern of ∆Φ = (px/λc)·(sin θout−sin θtarget)·
2π. As a result, these M segments form a circular arc, approximately. Under the assumption of
M >> 1, and ∆Φ << 1, the length of the arc is equal to the length of AD. And thus, we have:
AB = 2R0 sin(
M∆Φ
2
) = M · c0 · sinc(M∆Φ/2). (23)
This result implies that the magnitude of R˜RIS at other observe directions is reduced by a factor
of sinc(M∆Φ/2), compared with that at θtarget. The overall complexed envelope of the joint
channel R˜(t) can then be treated as a complex Gaussian distribution with a non-zero mean. It
is well known that in this case, the signal envelope length |R˜(t)| has a Rician distribution:
p|R˜(t)|(x) =
2x(K + 1)
Ωp
e
−K−
(K+1)x2
Ωp I0(2x
Ã
K(K + 1)
Ωp
), (24)
where the shape factor and scale factor are:
K =
M2 · c20 · sinc
2(M∆Φ/2)
N · E[b2n]
, (25)
Ωp = M
2 · c20 · sinc
2(M∆Φ/2) +N · E[b2n] (26)
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Fig. 3. Illustration of the vector graph analysis
Remark 4. According to (67), it can be proved that the amplitude of each multipath component
(c0) contains a Fraunhofer factor of sinc(ku
′px/2) induced by the diffraction at each RIS element.
And according to (23), the overall amplitude of the received envelope contains a factor of
sinc(M∆Φ/2) which can be regarded as another equivalent Fraunhofer factor on a larger
scale, caused by the linear increase of the additional phase shifts along with the change in
position of each RIS element.
B. Discrete Phase shift
In this case, φ(m,n) ∈ {t · 2pi
2B
}, t = 0, 1, 2, ..., 2B [26]. Let ∆ = 2pi
2B
, and θcm = −ǫm + φm.
Lemma 1 reveals how θc is distributed.
Lemma 1. Consider the case when Mǫ >> ∆, which can be satisfied in practice for large M .
Then, θc is uniformly distributed in the range: (−∆/2,∆/2).
Proof. See Appendix D.
Remark 5. For the special case where ǫ = 0, meaning θout = θin. This case corresponds to
a normal reflection behavior. The proposed model can be applied by setting ∆ = 0 since no
additional phase shifts are needed in this case.
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According to Theorem 1, 2, we have the following corollary that describes the distribution
of the envelope in the case of discrete phase shift:
Corollary 2. Suppose the expected magnitude of the each RIS multipath component and the
direct link multipath component are Ωr = E[c
2
m] and Ωd = E[b
2
n], we denote the power ratio of
these two as K0 = MΩr/(NΩd). At the target direction (θout = θtarget), the overall received
envelope derived in Corollary 1 has a Rician distribution: R(t) ∼ R(KEff ,Ωp), with shape
factor and scale factor shown as follows:
KEff =
Msinc2(∆/2)
1− sinc2(∆/2) +K−10
, (27)
Ωp = Ωr[M + (M
2 −M)sinc2(∆/2)] +NΩd. (28)
Proof. See Appendix E.
Remark 6. It is helpful to obtain insights by observing several important limits of Corollary
2. For convenience, define s to be sinc2(∆/2) = sin2(∆/2)/(∆/2)2. When K0 → 0, it means
that the power of the link via the RIS is negligible compared with the direct link, then KEff =
K0Ms → 0, the joint channel exhibit a Rayleigh fading. When ∆ → 0 i.e. s → 1, it indicates
a continuous (perfect) phase shift scenario, then KEff → M · K0 and Ωp ∝ M
2Ωr + NΩd.
In this scenario, the shape factor scales linearly with M , and the scale factor (which is the
average received envelope power) scales with M2. This M2 dependency is also derived in [7]
by adopting a crude two-ray system model.
Remark 7. The power scaling law for the anomalous RIS link under the discrete phase shift
case can be obtained from (28):
Pr ≈ Pt · C ·
ï
sinc2
∆
2
M2 + (1− sinc2
∆
2
)M
ò
·, (29)
where Pt is the transmit power and C is a constant. According to our model, the M
2 dependency
appears when the RIS phase error can be ignored (phase terms of different half-channels are
perfectly aligned). When the RIS performs no phase shifts, correspond to ∆ = 2π, the average
received power scales linearly with the number of elements (M).
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IV. PERFORMANCE ANALYSIS: RIS WITH MULTIPLE ACCESS SCHEME
In this section, we study the case where multiple users are served by a transmitter with the
assistance of one RIS. Suppose the k-th user is located at θ
(k)
out with respect to the RIS. According
to Theorem 2, the joint channel between the transmitter and the user can be modelled as a Rician
channel: h˜k(Kk,Ωpk). For different multiple access scheme, the receiver SNR distribution for
each user is derived. The outage probability and its asymptotic behaviour is also studied.
A. NOMA
Consider the use of NOMA on a group of q users. The transmitter broadcasts a combination
of messages to all NOMA users, and the observation at the k-th user is given by:
yk = h˜k(Kk,Ωpk)
q∑
p=1
»
apPtsp + nk, (30)
where nk is the additive white Gaussian noise at the k-th user. We assume that each nk is
distributed with a variance of σ2. ap is the power allocation coefficient for the p-th user, sp is
the information for the p-th user. h˜k(Kk, ωpk) is the joint channel between the transmitter and
the receiver. Note that the joint channels for each of the users are correlated. According to (25)
and (26), the shape factors and scale factors for these Rician distributions depends on the choice
of the target angle (θtarget). We denote ∆Φk = (px/λc) · (sin θ
(k)
out − sin θtarget) · 2π. Then for the
continuous phase shift case, we have:
Kk =
M · c0 · sinc(M∆Φk/2)
N · E[b2n]
, (31)
Ωpk = M · c0 · sinc(M∆Φk/2) +N · E[b
2
n]. (32)
As a result, different choice of target angle (θtarget) will result in different joint channels for
all NOMA users. For RIS configurations which are not governed by the co-phase condition, h˜k
need to be further calculated according to Theorem 1. Without loss of generality, we assume
the joint channel for different user follow the order as: |h˜1|
2 ≤ |h˜2|
2 ≤ ... ≤ |h˜q|
2. The power
allocation coefficients are assumed to follow the order as: a1 ≥ a2 ≥ ... ≥ aq.
Next, we consider the signal to interference plus noise ratio (SINR) for each user. Consider
the k-th user, according to the NOMA principle, it need to decode the message of all user p
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with p < k. The message of user p with p > k are treated as interference. As a result, the SINR
for the k-th user to decode the information of the l-th user is given by
γk,l =
|h˜k|
2Ptal
|h˜k|2Pt
∑q
p=l+1 ap + σ
2
(33)
B. FDMA and TDMA
Suppose that the transmitter assign two equal sized frequency bands that is orthogonal to each
other, the SNR for each user can be expressed as:
γi =
|h˜i|
2Pi
σ2/2
, (34)
where Pi is the transmit power allocated to user i in FDMA scheme.
In TDMA, for both users, we have:
γi =
|h˜i|
2Pt
σ2
. (35)
C. Outage Probability
The outage probability is defined as:
Prout = Pr{γ < γmin}, (36)
where γ is the SNR experienced by the user, γmin is the target SNR value chose by the transmitter
for a data rate C = Blog2(1 + γmin). According to the definition, the outage probability can be
rewritten as:
Pi = 1− Pr{|h˜i(t)|
2 > µi}, (37)
where the µi depends on different multiple access schemes and the target SNR (γmin).
For FDMA and TDMA, we have:
µFDMAi =
γminσ
2
2Pi
, µTDMAi =
γminσ
2
Pt
. (38)
where i indicating different users.
For the NOMA users, the user k will declare an outage if it cannot successfully decode
messages for user l with l ≤ k:
Pk = 1− Pr{γk,l > τl}, ∀l ≤ k. (39)
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Comparing with (37) and using (33), we have:
µk =
τl
al − τl
∑q
p=l+1 ap
·
σ2
Pt
, ∀l ≤ k. (40)
In other words, if we denote τk =
τk
ak−τk
∑q
p=l+1
ap
· σ
2
Pt
, we have:
µk = min{τ1, τ2, ..., τk}. (41)
After clarify the expression for µi for different multiple access scheme, the outage probabilities
can be written out in a general form:
Corollary 3. For user i, the expressions for the outage probability is given by:
Pi = 1−Q1(
»
2Ki,
»
2µi(Ki + 1)/Ωpi), (42)
(43)
where Ki and Ωpi are given by (31) to (32), and Q1(a, b) is the Marcum Q-function, defined as:
Q1(a, b) =
∫ ∞
b
x · exp(−
x2 + a2
2
)I0(ax)dx. (44)

Next, the behaviour of the cumulative distribution of R(t) for amplitudes near zero can be
studied. It is well known that the c.d.f of the squared Rician distributed envelope follows the
non-central chi-square distribution:
γ ∼
KEff + 1
γ
e−K
Eff−
(KEff+1)γ
γ I0(
Ã
KEff(KEff + 1)γ
γ/4
), (45)
where γ = |R(t)|2/N0 and γ = Ωp/N0. For a small threshold γth << γ, the c.d.f. can be
approximate as:
Pr(γ < γth)→ (1 +K
Eff)e−K
Eff γth
γ
+O(γ2th)→ O(γth) (46)
This result shows that the effective shape factor KEff affects the outage probability in the high
SNR region. A higher KEff means a smaller outage probability under the same scale factor and
threshold γth. However, it does not affect the asymptotic behavior of the system. In other words,
according to our model, the diversity order of the system is fixed to one.
19
Remark 8. Although in our proposed joint channel model, the diversity order does not increase
with the number of elements of the RIS, we need to point out that a higher diversity order may
be observed in other settings, for example, when the RIS links are considered as NLoS links, as
in [11]. In those cases, the signal impinging on the RIS has a nearly random phase and exhibits
a power distribution itself. This will increase the difficulties to configure the RIS. However, if the
RIS can be appropriately configured, the system can obtain a higher diversity order than that
in our proposed model.
V. NUMERICAL RESULTS
In this section, numerical results are presented to facilitate the performance evaluations of
the RIS-assisted wireless network. We aim to confirm the effectiveness of the proposed theorem
by comparing the analytical derivations with simulation results. After that, the predicted outage
probabilities are tested against the simulation results.
A. The Rician Distribution of the Received Envelope
First, an intuitive test is implemented to show how well the RIS-aided joint channel fits into
a Rician distribution, as proposed in Corollary 2. The simulation is carried out in the following
fashion: Firstly, each specular signal component is generated with a random phase under the
assumption of Lemma 1. Secondly, the received envelope is calculated by combining the inphase
and quadrature components, as in Corollary 1. Next, we take an iteration of 10000, in each
of the iterations, we calculate a received signal envelope so that the collection of this variable
is independent and identically distributed. Finally, we fit the histogram of the 10000 simulated
envelopes to a Rician distribution and obtain the simulated shape factor and scale factor. As
shown in Fig. 4, the simulation runs under the condition where M = 50 and K0 = 3. The
simulated distribution of the received envelope is well fitted to the analytical Rician distribution.
Moreover, the effect of the one-bit discrete phase shift RIS link is compared with the random
phase configuration. The fitted Rician distribution has a shape factor of 0.0186 for the random
phase shift and 39.1398 for the one-bit discrete phase shift.
B. Effect of K0 on KEff
The power ratio K0 is defined as:
K0 =
ME[c2m]
NE[b2n]
, (47)
20
Fig. 4. Simulated envelope distribution and Rician distribution (blue:random phase shifts, yellow: one-bit discrete phase shifts)
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
1/K0
0
0.05
0.1
0.15
0.2
0.25
0.3
1/
KE
ff
M=10
M=20
M=30
M=40
M=50
Fig. 5. Relation between simulated KEff and K0
where cm represents the amplitude of the signal reflected through the m-th column on the RIS and
bn represents the amplitude of the n-th multi-path signal. As shown in Fig. 5, in this simulation,
K0 is varied in a range from 1 to 100, while other parameters in (27) are fixed as: ∆ = π,
i.e.(B = 1) and M takes on 5 separate values.
From the simulation result, it can be observed that the inverse of the effective shape factor
of the joint channel KEff has a linear relationship with the inverse of K0. This observation is
consistent with the analytical result given in Corollary 2, since the equation can be rewritten
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as:
1/KEff =
1
Msinc2(∆/2)
· 1/K0 +
1− sinc2(∆/2)
Msinc2(∆/2)
. (48)
Moreover, the slope and intercept distance with the 1/KEff -axis of the curve decrease with
the increase of M as predicted in (48).
C. Outage Probability for a Single User
As shown in Fig. 6, in this simulation, the transmitted signal’s SNR is varied in a range
from 5dB to 25dB, while from top to bottom, the lines correspond to random phase shift, 1-bit
discrete phase shifts with M = 10, 15, 20. The power ratio of K0 is fixed to 1. The Monte Carlo
based simulation is carried out by generating 106 independent and identically distributed signal
envelopes. It can be observed that the analytical Marcum Q-function fits well with the simulation
results.
For the case of random phase shift, there is no observable diversity gain in the outage
probability by increasing the number of elements of the RIS (if K0 is fixed). This is predicted
by Corollary 2 since when ∆ = 2π and KEff = 0, the overall channel exhibits a Rayleigh
distribution. Simulation results verified this as the curve in the top of Fig. 6 is the result of
two curves (M = 5 (random) and M = 20 (random)) coincide together. For the case of one-bit
discrete phase shift, power saving can be achieved from the diversity gain by increasing the
number of elements of the RIS. However, the increasing speed of this gain starts to diminish as
the number of elements becomes larger. For example, going from M = 10 to M = 15, at 1%
outage probability there is an approximate 4 dB reduction in the required SNR. However, from
M = 15 to M = 20, the reduction in required SNR less than 2 dB.
D. Outage Probability for NOMA
As shown in Fig. 7, in this simulation, the transmitted signal’s SNR is varied in a range from
5dB to 25dB. We simulate the 1-bit discrete phase shifts beam steering scenario with M = 10
and 20 for two NOMA users. The RIS is configured to target the good user. Simulation results
show that the good user experienced a smaller outage probability for both M = 10 and M = 20
cases. The outage probability of the good user decreases as M increases, similar to the results
in Fig. 6. However, for bad users, its outage probability does not decrease monotonously with
an increase of M , it further depends on the angle between the two users. For example, as shown
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Fig. 6. Simulated outage probability plotted against the analytical results (from top to bottom: random phase shift, 1-bit discrete
phase shift with M= 10, 15, 20)
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Fig. 7. Simulated outage probability plotted against the analytical results, for the NOMA user pair
in Fig. 7, when the bad user is further away from the good users (further away from the targeted
angle), the outage probability is larger when M = 20, compared with the one when M = 10.
Moreover, it can be observed that for both users, the slope of the curve reaches that same
asymptotic limit in the high SNR region.
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Fig. 8. Simulated sum rate v.s. RIS target angle for different MA schemes (user 1 is located at 15◦ w.r.t the RIS, and user 2
is located at 33◦, the power allocation for the good user and the bad user are set to be 0.4 and 0.6, respectively).
E. Comparing MA schemes
Based on our proposed model, the performance of the RIS-assisted channel, under different
phase shift configurations, can be studied for different MA schemes: As illustrated in Fig. 8,
the best sum rate can be achieved by adopting NOMA and configure the RIS to target user 1.
When the target angle is configured to be near 15◦ or 33◦, NOMA shows superiority compared
to both FDMA and TDMA, in terms of sum rate. As the target angle moves from user 1 to user
2, the channel condition of user 1 decreases, while the channel condition for user 2 increases. A
possible switch could occur between the good user and the bad user. Moreover, one can obtain
insight from Fig. 8 that the best sum rate is achieved when the RIS is configured to target the
user with the best achievable channel gain.
VI. CONCLUSIONS
A compact joint channel model for the RIS-assisted wireless communication network was pro-
posed. The statistical multipath analysis and the physics-based radiation pattern calculation were
reconciled. Analytical results for the joint channel distribution were derived. We demonstrated
that the joint channel exhibit a Rician distribution, where the shape of the distribution depends
on the number of elements of the RIS, the quantization level of phase shift, the observing angle
of the receiver, and the power ratio between the specular link through the RIS and the direct
link. The validity of our proposed models depends on the assumptions of a flat fading channel
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and the vertically polarized signal. Moreover, the links between the BS and the RIS and between
the RIS to the receiver were assumed to be LoS-dominant links. Different models for the joint
channel in other RIS application scenarios remains an open question.
APPENDIX A: PROOF OF THEOREM 1
The focus of this proof is on (7), which indicates that the specular link through the RIS can
be written as the 2-D discrete Fourier transform of the phase shift configuration matrix. First, we
write down the received signal(the reflected electric field through RIS) in terms of the incident
field, the incident angle, and the reflected angle. As shown in Fig. 2(a), consider the frame of
reference where the RIS lays in z = 0 plane, and both the BS and terminal are in y = 0 plane.
The tangential incident electric field can be expressed in Cartesian coordinates as:
E1(x, y) = E1x(x, y)xˆ+ E1y(x, y)yˆ. (49)
Suppose after reflected by the RIS, the reflected tangential field becomes:
E2(x, y) = r˜(x, y) ·E1(x, y) = E2x(x, y)xˆ+ E2y(x, y)yˆ. (50)
Using the stationary-phase approximation [27], we could write down the far field radiation pattern
as:
E(θ, ϕ) = jk[(θˆcosϕ− ϕˆsinϕcosθ)E˜2x(θ, ϕ)+
(θˆsinϕ− ϕˆcosϕcosθ)E˜2y(θ, ϕ)]
e−jkr2
2πr2
,
(51)
where E˜2y(θ, ϕ) are defined as
E˜2x/y(θ, ϕ) =
∫∫
ΣRRS
E2x/y(x, y)exp[jk(sin θ cosϕ · x+
sin θ sinϕ · y)]dxdy.
(52)
For simplicity, we set u = sin θ cosϕ and v = sin θ sinϕ. In order to transform integral into
a summation over each element on the RIS, we have to evaluate the integral in (52) element by
element. For the (m,n)-th element on the RRS, the range of the coordinates are
x = x′ +mpx −
(Mx − 1)px
2
;m = 0, 1, ...,Mx − 1,
y = y′ + npy −
(My − 1)py
2
;n = 0, 1, ...,My − 1,
(53)
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where Mx and My are the number of elements along each directions. By substituting (53) into
(52), the spectral functions for the x/y components are written as:
E˜2x/y(u, v) =K1
Mx−1∑
m=0
My−1∑
n=0

ejk0(umpx+vnpy)
·
∫ px/2
−px/2
∫ py/2
−py/2
Emn2x/y(x
′, y′)ejk0(ux
′+vy′)dx′dy′

,
(54)
where
K1 = e
−j
k0
2
[u(Mx−1)px+v(My−1)py], (55)
and Emn2x/y(x
′, y′) is uniform in each cell, its value depends on the amplitude response (r(m,n))
and phase-shift response (φ(m,n)) of the (m,n)-th cell:
Emn2x/y(x
′, y′) = r(m,n)ejφ(m,n). (56)
Since Emn2x/y(x
′, y′) does not depend on the resized positions (x′, y′), the double integral in (54)
can be easily calculated:
E˜2x/y(u, v) =K1pxpysinc(
k0upx
2
)sinc(
k0vpy
2
)
·
Nx−1∑
m=0
Ny−1∑
n=0
r(m,n)ejφ(m,n)ejk0(umpx+vnpy).
(57)
The double summation in (57) can be written as a 2-D inverse discrete Fourier Transform
(IDFT2), which is defined as:
f(p, q) = IDFT2[F (m,n)] =
1
MN
M−1∑
m=0
N−1∑
n=0
F (m,n)ej
2pim
M
pej
2pin
N
q. (58)
By comparing (58) and (57), it is clear that the variables (p, q) is related to the direction indicators
(u, v) in the following fashion:
u =
2π
Mxpxk0
p; p = 0, 1, 2, ...Mx − 1, (59)
v =
2π
Mypyk0
q; q = 0, 1, 2, ...My − 1. (60)
As a result, by plugging (57) back into (52), and absorbing coefficients outside the IDFT2
into c(m,n), we can reach the same form as (7) for both E˜2x(θ, ϕ) and E˜2y(θ, ϕ).
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APPENDIX B: PROOF OF COROLLARY 1
Since we assumed that the signals field is vertically polarized(along y direction), the tangential
field along two directions at the RIS can be written as:
E1x(x, y) = 0, (61)
E1y(x, y) = E0 · e
−jkx cosα = E0 · e
−jkx sin θin . (62)
After reflected by the RIS, the reflected tangential field becomes:
E2(x, y) = r˜(x, y) · E1(x, y) = E2y(x, y)yˆ. (63)
As a result, the integral in (52) evaluated in the area within the (m,n)-th element on the RRS
should be:
E˜mn2y = K
∫ px/2
−px/2
∫ py/2
−py/2
Emn2y exp[jk(ux
′ + vy′)]dx′dy′. (64)
Since Emn2y = r˜(m,n)E
mn
1y = E0e
−jkx sin θinejφ(m,n). Since in the system model, the termi-
nal(receiver) is in y = 0 plane, we have ϕ = 0. As a result, let u′ = u− sin θin,we have:
E˜mn2y = K1|E0|e
jφ(m,n)ejk(u
′mpx)pxpysinc(
ku′px
2
), (65)
where K1 = exp{−j
k
2
(u′(Mx−1)px)}. Next, collecting the contribution of the (m,n)-th element
to the ϕˆ direction of the reflected field is:
Emnϕ (θout) = |E
mn
ϕ (θ)|e
−jΦmn, (66)
where:
|Emnϕ (θout)| = E0
k
4πd1d2
pxpysinc(
ku′px
2
) cos θout, (67)
Φmn = ku
′(Mx − 1)
px
2
+ k(d1 + d2) + φ(m,n)− ku
′mpx). (68)
Finally, we can arrive at the received signal:
r(t) = Re[
Mx−1∑
m=0
My−1∑
n=0
|Emnϕ (θ)|e
−jΦmnejwct] (69)
= TRISc (t) · cos(ωct) + T
RIS
s (t) · sin(ωct). (70)
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As a result, if we let θ0 = ku
′(M−1)px/2+k(d1+d2), ǫ = ku
′px and c(m,n) == |E
mn
ϕ (θout)|,
we have:
TRISc (t) =
Mx∑
m=1
My∑
n=1
c(m,n) cos(ω0t+ θ0 − ǫm+ φ(m,n)), (71)
TRISs (t) =
Mx∑
m=1
My∑
n=1
c(m,n) sin(ω0t+ θ0 − ǫm+ φ(m,n)). (72)
When the amplitude response (c(m,n)) and the phase-shift response (φ(m,n)) do not depend
on the row index n, we have the inphase and quadrature components as expressed in Corollary
1.
APPENDIX C: PROOF OF THEOREM 2
According to (5), the magnitude of the overall received signal’s is:
|R˜(t)| = |Tc + jTs|. (73)
Base on Nakagami’s original derivations, when the condition of central limit theorem holds,
|R˜(t)| follows the m-distribution, and the parameter m takes the form:
m =
(σ + A2)2
(σ + A2)2 + (B2 −A4) + 2A2B cos 2(δ1 − δ2)
, (74)
where
A2 = (E[Tc])
2 + (E[Ts])
2, (75)
σx = V ar(Tc), σy = V ar(Ts), (76)
c = cov(Tc, Ts), (77)
B2 = 4c2 + (σx − σy)
2, (78)
σ = σx + σy, (79)
δ1 = arctan
E[Ts]
E[Tc]
, (80)
δ2 =
1
2
arctan
2c
σx − σy
. (81)
The pre-conditions of Theorem 2 indicates that B2 = 0 and thus, the parameter m is the same
as shown in (19).
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APPENDIX D: PROOF OF LEMMA 1
Consider the following sketch of ǫm − φm v.s. ǫm. Since in the discrete phase adjustment
case, φm can take on 2
B different value within the range of [0, 2π), and the choice of φm should
minimize the difference between ǫm and φm. As a result, the absolute difference between the
two will never exceed ∆/2. In other words: ǫm−φm ∈ [−∆/2,∆/2]. When the ratio of ǫ and ∆
is not a rational number, the quantity ǫm− φm will appear randomly in the range [−∆/2,∆/2]
for any given m.
εm
ε-
	
Δ/2 
-Δ/2 
ε
Δ/2 
Mε
2ε
3ε
Fig. 9. Sketch of ǫm− φm v.s. ǫm
APPENDIX E: PROOF OF COROLLARY 2
The overall quadrature components in the case of discrete phase adjustment can be written
as:
Tc =
M∑
m
cm · cos θ
c
m +
N∑
n
bn · cos θ
b
n, (82)
Ts =
M∑
m
cm · sin θ
c
m +
N∑
n
bn · sin θ
b
n, (83)
where θc is uniformly distributed in [−∆/2,∆/2] and θb is uniformly distributed in [0, 2π], as
proved in Lemma 1. When M,N >> 1, meaning the number of the elements on the RIS and
the number of multi-paths is sufficiently large, according to central limit theorem, both Tc and Ts
have a Gaussian distribution. As a result, they can be characterized by their means and variances.
Moreover, the complex envelope R = Tc + jTs, we have:
E|R|] = E[Tc] = E[
M∑
m=1
cm · cos θ
c
m +
N∑
n=1
bn · cos θ
b
n] (84)
= M · E[cm] ·
∫ ∆/2
−∆/2
cosx
1
∆
dx (85)
= M · E[cm] · sinc(∆/2), (86)
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and
E[|R|2] = E[T 2c ] + E[T
2
s ] (87)
= E[c2m][M + (M
2 −M)sinc2(∆/2)] +N · E[b2n]. (88)
If we assume the RIS only performs phase adjustment without any amplitude change, meaning
E2[cm] = E[c
2
m]. As a result, we have:
V ar(R) = E[|R|2]− E2[|R|] (89)
= E[c2m]M(1 − sinc
2(∆/2)) +N · E[b2n]. (90)
Thus, we can obtain the effective shape factor KEff and the scale factor Ωp:
KEff =
E
2[|R|]
V ar(R)
=
Msinc2(∆/2)
1− sinc2(∆/2) +K−10
, (91)
Ωp = E[c
2
m][M + (M
2 −M)sinc2(∆/2)] +N · E[b2n]. (92)
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